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JlBSTRACT 
The scattering of ultrasonic waves depends on the relation scatterer diameter to wavelength. Coarse 
grained materials and high frequency ultrasonic waves therefore ere exciting high scattering amplitudes. 
During pulse-echo testing a backscattering signal is the result of superimposing all the single scatter-
ing processes in the sound beam for a given time of flight. Rectifying, digitizing and adding up several 
A-scans from several different probe positions, angles of incidence or frequencies equalizes interference 
maxima and minima. The resulting backscattering curve can be evaluated qualitatively and quantitatively 
for the materials structure characterization. Additionally, an improvement of the signal-to-noise ratio 
(SNR) is achieved for a defect surrounded by a coarse grained structure. The application in practice 
depends among other things on the time in which a sufficient number of digitized J\-scans is averc;ged and 
on the dimensions and operating conditions of the equipment. With these limits a prototype instrumen~ 
was developed. Up to 1024 digitized A-scans (each 400 ~s long, digitizing rate 20 MHz) are averaged 1n 
0.4 sec. The result is recorded on a CRT-display and the whole unit is microcomputer-controlled. The 
equipment consists of an ultrasonic instrument (USIP 11) and the averager unit (averager,Jl.DC,display,pP). 
Examples are given of applications to the characterization of materials structure (detection of hetero-
geneities in steel, grain size determination) and to the ultrasonic testing of coarse grained materials-
(austenitic welds, castings, fibre reinforced plastics). 
INTRODUCTION 
The qualitative characterization of materials 
structure with ultrasonic waves is a well known 
Jrocedure. The attenuation coefficient a, measured 
for example by a backwall echo sequence (Fig. 1) 
~llows to describe the anelastic structure behav-
iour. But some boundary conditions have to be re-
~arded: 
The measured attenuation is only an integral 
value over the sample thickness. 
Pl anparall el surfaces of appropriate quality are 
the conditio sine qua non. 
For quantitative measurements the coupling of the 
probe (reflection coefficient) and the beam di-
vergence have to be corrected. Otherwise for low 
attenuating materials their influence can be many 
times greater than the true attenuation by ab-
sorption and scattering. 
ln the other hand backscattering measurements as 
escribed below avoid these difficulties: 
the measured signal is a continuous one. There-
fore it is possible to differentiate the struc-
ture behaviour along the sound path. 
Only one surface is needed to transmit and to 
receive the scattering signals. 
The coupling of the probe is of qualitative in-
fluence but does not influence quantitatively the 
backscattering curve parameters. At last beam 
spreading is not a problem of backscattering 
measurements because the scattered signals are 
propagating back the same way as propagating for-
ward. 
1e boundary conditions of backscattering measure-
::nts are others: 
The signal amrcl itudes usually ly some ten dB 
below e.g. backwall echoes (Fig. 2 for 10 MHz 
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longitudinal waves and an austenitic base mate-
rial with grain size ASTM 4). Therefore an ex-
tremely high dynamic range is necessary to eva-
luate quantitatively these scattering signals. 
- The backscattering signal is at first a high 
frequency amplitude modulated signal. Phase and 
amplitude for a given time of flight are result-
ing from the superposition of the single scatter-
ing signals excited at the grain boundaries in-
side the sound beam and integrated over the 
pulse length /1/. To get a smooth curve approp-
riate to evaluate, one has to change e.g. the 
probe position by a small amount (about one 
wavelength or one grain diameter) resulting in 
a new backscattering signal. Rectifying and 
adding several of such generated signals as 
shown in Fig. 3 leads to the final backscatter-
ing curve (it seems to be possible to omit the 
averaging procedure using a phase insensitive 
transducer as receiver /2/). 
From a different point of view this scattering 
behaviour is of importance for the detection 
of defects in coarse grained materials like 
austenitic castings and welds /3/. For a single 
A-scan the amplitudes of scattering signals can 
be equal to or higher than the amplitudes of 
defect signals. Additionally, the scattering 
signals are coherent to the reflector signals. 
Therefore, with sophisticated methods regard-
ing the frequency spectrum it is net possible to 
distinguisl1 between dEfect and structure indica-
tion. 
Eut the same procedure as described above (the 
small variation of the probe position) changes 
drastically the scattering signal but leaves 
unchanged - at least in a first approximation -
the reflector signal. Again adding several of 
these signals results in either vanishing of the 
scattering signals (averaging of high frequency 
signals) or reducing the scatter indication to 
the smooth curve shown in Fig. 3 (averaging of 
rectified signals). In each case the signal-to-
noise ratio (SNR) is improved. 
This spatial averaging procedure can be replaced 
by or combined with the directional averaging 
(variation of the angle of incidence) and the fre-
quency averaging (variation of the frequency ex-
citing the probe in a burst manner). 
The only condition for this signal-enhancement 
is, that the grain size in the material under test 
is not greater than the reflector to be detected. 
Otherwise the variation of e.g. the probe position 
would change the defect signal too, especially in 
its amplitude. 
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GRAIN SIZE 
The attenuation of ultrasonic waves (attenu-
ation coefficient a) is the sum of absorption 
(absorption coefficient aA) and scattering (scat-
tering coefficient as). Absorption is the result 
of many physical interaction effects between 
ultrasound and materials structure (e.g. with 
dislocations, thermoelastic and magnetoelastic 
losses /4/). Scattering on the other hand depends 
only on two parameters: elastic anisotropy (effi-
cient at grain boundaries and phase boundaries) 
and the ratio d/A (d = scatterer diameter, A = 
wavelength). For multiphase materials (e.g. cast 
iron with graphite segregations or pearlitic 
structures) the concentration of the different 
phases is an additional parameter. as is well 
known for polycrystalline quasi-monophase mate-
rials in the Rayleigh region (d ~.c. A), e.g. for 
shear waves /4/: 
-1 6n:3 ~ (mm ) = 375 
s d3 f 4 T 
where A= c11 - c12 - 2c44 = elastic anisotropy (for cubic materials), 
c11 , c12 , c44 second order elastic con-
stants, 
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Po = density, f = frequency, 
vl, vT =velocity of longitudinal and shear 
waves, respectively. 
Backscattering curves As(x), where x is 
the sound path, are containing aA and as , e.g. 
for a homogeneous structure /1/: 
where A0 =amplitude at the surface, 
4X = pulse length. 
(2) 
Figure 4 shows backscattering amplitudes from one 
sample of given grain size measured with two dif-
ferent frequencies and from two samples of differ-
ent grain sizes measured with the same frequency. 
Under the assumption that the frequency dependence 
of aA is known (e.g. aA = a·f, with a= canst) two 
measurements with two different frequencies allow 
to separate aA and as and to evaluate as for the 
grain size determination: 
a/=af1 +STd
3 f 1
4 (3a) 
~T 3 4 a f 2 + ST d f 2 (3b) 
d (3c) 
The attenuation coefficients a; (i = 1,2) are meas-
ured by evaluating the half-logarithmic plot of 
~quation (2): 
In A5 (x) = ln (A0 ~112 41 1/ 2)- ax (4) 
:igure 5 shows the comparison between the grain 
;ize of steel samples determined by this two-fre-
1Uencies method (and two further methods /5,6/) and 
:he usual metall agraphic analysis. The agreement is 
;o good that at the moment an ultrasonic equipment 
·s under development which makes this nondestruc-
:ive grain size determination automatically and in 
'i el d. 
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tion by backscattering measurements and 
by metallography. 
INHOMOGENEITIES 
One of the advantages of backscattering meas-
urements is the continuous signal between the sur-
face backscattering amplitude 112 (As(O) = A0 (a.; 4X) ) 
according to Equ. (2) and tfie electronic nojse 
level. Variations in the attenuating behaviour 
along the sound path and especially in the scat-
tering behaviour can be clearly identified. Equa-
tbn (2) has the general form, valid for inhomo-
geneous materials, too, (a= a(x)), of /7/: 
x/2 
A5(x) = A0 (~ (7) 6x) 112 exp(-2 ~ a(z) dz) 
0 
(5) 
This is shown schematically but with realistic 
values for a, aA and as in Fig. 6: Jf the scatter-
ing coefficient changes between 75 mm and 100 mm 
depth by a factor of 4 compared with depths below 
75 mm and above 100 mm then this will change the 
backscattering curve between 150 mm and 200 mm 
sound path. According to the kind of inhomogenei-
ties (fields of microcracks, segregates, non-me-
tallic inclusions), their vol vme contents and the 
general behaviour of the structure anomalies to-
tally different curves As (x) .will occur. ho exam-
ples from the same specimen are shown in Fig. 7. 
At the moment it is not possible to identify the 
kind of heterogeneities (increased knowledge is 
necessary about the scattering of two-phase, poly-
crystalline materials), but the region where they 
are and a qualitative measure how strong the basic 
structure is changed are simply to obtain. 
Pnother kine cf inhomogeneity is the aniso-
tro~ic structure especially of thin comJXlnents. In 
different directions (e.g. parallel and perpendic-
ular to the rolling direction) different types of 
As(x) with different A5(0) and attenuation coeffi-
clents according to Equ. (3) will be measured: 
each direction has its own v~ue of A (cf. Equ.(l), 
where A is given for a random distribution of the 
grain orientations). 
Thirdly, weldments can be regarded as struc-
ture heterogeneities, too, and in Figs. 8 and 9 
some .examples are given of 45° shear wave back-
scatterir.£ measurements through welded thick com-
ponents: the base material inhomogeneity in one 
case (Fig. 9) as well as the fusion line and single 
defects in definite weld positions are clearly 
superimposed to the usual curve A5(x). Therefore, it is one interesting point to identify fusion 
1 ines along weldments l';ith high-frequercy back-
scattering measurements where they are completely 
transparent for usual frequency ranges at about 
1 MHz. Inside the weld itself it is difficult to 
characterize e.g. the grain size by backscatter-
ing signals, but depending on the direction of the 
sound beam in relation to the weld direction the 
overlay structure of the passes can easily be ana-
lysed (Fig. 8). 
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Fig. 8 Backscattering curves through weld regions 
Fig. 9 Backscattering curves through weld regions 
SIGNAL-TO-NOISE RATIO 
In coarse grained materials the coherent noise 
amplitudes ("grass") are many times higher than the 
electrical noise and this makes it difficult to 
detect signals. Restricting us to the analysis of 
rectified signals, the averaging processes as de-
scribed in the introduction reduce the grass-level 
to a curve corresponding to Equ. (2). On the other 
hand reflector signals correspond to 
(6) 
disregarding beam diffraction and distance laws of 
the different types of reflectors (e.g. sphere, 
disc). The optimal value for the SNR therefore is 
(7) 
Figure 10 exemplifies for backwall echoes the 
efficiency of averaging processes. Above 8 A-scans 
are plotted from 8 different positions. The back-
wall echo is inaffected but the scattering ampl i-
tudes change drastically from A-scan to A-scan 
(the variation of the probe position between each 
~-scan is about 0.3 mm, corresponding to one grain 
diameter). Below 2, 4, 64 and 1024 averaging pro-
cesses are shown and until 4 backwall echoes can be 
resolved. 
The difficulty to detect defects with spatial 
~veraging is given by the echo dynamic curve of 
:he reflector. The variation of the probe position 
;hould be limited to an echo decrease of less than 
i dB. But for a 3 mm flat bottom hole in about 
.00 mm depth this is + 10 mm, therefore enough 
:o get many different-A-scans with different noise 
;ignals. The Figs. ll and 12 compare A-scans and 
tveraging results from different types of defects. 
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EQUIPMENT 
The applicability in practice of equipment for 
backscattering measurements and averaging tech-
niques depends among other things upon the velocity 
with which the processes will be performed, the 
size of the equipment and the operating procedures. 
The apparatus developed consists of an usual 
UT-equipment with an output for the rectified sig-
nals. They will be digitized by an 8 bit/20 MHz ADC 
into 400 ~s long signals (8 K/8 bit). Microcomputer-
controlled they come to 8 parallel working averager 
modules (each containing 1 K memory and 18 bit 
resolution). From-1 to 1024 averaging processes 
can be selected in steps of powers of 2. The result 
of the averaging process is displayed on a CRT, 
selectable between "averaging and hold" and "con-
tinuous averaging". 1024 averaging processes are 
made in 0.4 sec resulting in a quasi-on-line aver-
aging. Additionally an output is installed to plot 
the result on an X-Y recorder. A photograph of the 
UT-equipment and the averager is shown in Fig. 13. 
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Fig. 13 Photograph of UT-equipment 
and averaging unit 
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SUMMARY DISCUSSION 
(K. Goebbels) 
P. Holler (Session Chairman): Any questions? 
Bruce Thompson (Science Center): I have two questions: One, over what sort of area 
do you typically move the transducer in performing the averaging? And, I'm 
aware of some of the limitations in using attenuation measurements to try to 
measure grain size. What are the corresponding limitations for the backscattering 
technique, having to do with the presence of porosity or grain aspect ratio and 
so forth? 
K. Goebbels: The first question is easy to answer because you need only to change the 
probe position by one grain diameter to get a change in your backscattering high-
frequency signal. Therefore, moving some millimeters, e.g. plus or minus five 
millimeters, or in a ring of ten millimeters diameter, you make very good 
backscattering measurements. It is not necessary to go over several centimeters 
to make this measurement. This is the reason you can use it for signal-to-noise 
improvement, too, because there's a small amount of change of probes position 
which does not influence (first approximation) the amplitude of defect signal. 
But there you can see is one limit of the averaging in this kind of technique: 
if the grain size in very coarse-grained materials comes to the size of the defect 
you want to see, you have to move farther. And the second question: In the 
Rayleigh region, it seems from the grain alignment or the form of the grains 
there is no limit on the grain size determination. Another point is grain sizes 
smaller than ten microns: we cannot characterize them nondestructively, because 
then the frequencies needed are too high. And on the opposite side of this, 
more than 500 microns, or one millimeter, then you have too low a number of grains 
inside the sound beam, and the statistic value is not so good. And there are some 
restrictions for steel. Porosity is not a problem. The problems are multi-phase 
structures like free-machining steel with mus-inclusions. 
Paul Gammel (Jet Propulsion Lab): I would like to know the effect of the size of the 
transducer beam. I assume this is of influence on the averaging process. 
Obviously, if you have a very large beam, you have already-done a lot of aver-
aging by beam size, and I would just like to know what effect it has on the 
statistics going from quarter-inch to half-inch transducers. 
K. Goebbels: We could not find any effect of the size of the transducer, if you are 
making backscattering measurements to measure the slope and decay because when 
we have homogeneous material, inside the sound beam every time it's the same 
mean grain size. If the material is inhomogeneous, then you can get some changes 
in this. And for the improvement of the signal-to-noise ratio with the averaging 
process, that depends on the reflector diameter you want to see,what type of 
probe you're using. But we don't have any characteristic differences from probe 
to probe and from diameter to diameter for the backscattering signal. 
Paul Gammel: Does this mean that if you went to, let's say, an inch and a half trans-
ducer, two inch transducer-- it would seem intuitively you would have done the 
averaging. 
K. Goebbels: No. I can have done it if I am using a phase-insensitive transducer. 
Then it must go. But the usual transducer -- and every time you have interference 
processes from the different grain centers into the sound beam for a given time 
of flight, and this is resulting in this high-frequency signal. And if you are 
going from such a transducer to such a transducer, it is every time a high 
frequency signal. 
Gordon Kino (Stanford University): I'm a little unclear on the kind of averaging 
process. We have tried the same thing on ceramics, and for the same reasons. 
But it seems to me that if the diameter of the beam, say, is one centimeter and 
you move the beam one millimeter, which is much larger than the grain size, there 
is very little change because the same grain is exciting the same transducer, 
and it's basically a parallel beam corning out. So, there is no phase change, 
and it's only the extra one millimeter you have moved it across that brings 
new grains into the beam and it gives you some averaging. 
K. Goebbels: It seems not to be the influence that there are other grains inside the 
beam. It seems to be that the sound field itself is not so homogeneous. This 
makes the changing of your structure interference. For example, if you are using 
(continued) 
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K. Goebbels (continued discussion) 
for one position the transducer and only going around and no changing of the 
transducer position and every time the same grains are in the beam, but this is 
enough to make an averaging measurement. 
P. Holler: It may be completely different for ceramics. 
Gordon Kino: Yes, unfortunately. I wish it were the same in ceramics. 
John Duke (Virginia Tech): Wouldn't in fact the range over which you move your center 
in effect limit the size of the certain defects th, t you could see? In effect, 
wouldn't moving it in a sense average out that? 
K. Goebbels: Yes. One example: If I have a three-millimeter-flat-bottom hole in 
one-hundred millimeter depths; and if I have a transducer of seven millimeter 
diameter, I can go six millimeters forward and six millimeters backward or in a 
ring and just change the amplitude not more than six db. 
John Duke: It seems you could almost use this in a way to sort in a certain sense 
the flaw size by, you know, variations in the actual amount of movement you do 
with your transducer. 
K. Goebbels: I did not understand. 
John Duke: In other words, if you can effectively make a flaw seem like it disappears, 
you can in a sense determine the size. 
K. Goebbels: Yes. 
P. Holler: One more question. 
John Shyne (Stanford University): When you made your scattering coefficient measure-
ment to get the grain size, you separated out the grain size effect by taking it 
as frequency to the fourth from the absorption by taking it as a frequency to the 
one. What were the relative magnitudes of the two parts of the attenuation 
coefficient? 
K. Goebbels: Well, we have the measurement of more than 200 samples of steel, and 
there are samples where with low frequencies the scattering makes only three to 
five percent of the whole attenuation coefficient and other samples where it 
makes 85 to 90 percent of the whole attenuation coefficient. It depends on the 
D over lambda and the absorption. 
John Shyne: If you're at frequencies, say, like ten megahertz --
K. Goebbels: It depends on the microstructure, and then for small grained material 
the scattering is of lower influence on the attenuation than for coarse grained 
material. 
# # 
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